Abstract. Atopic dermatitis (AD) is characterized by a defective skin barrier, which increases the penetration of allergens and pathogens through the skin. The role of interleukin (IL)-17, a pro-inflammatory cytokine, in the pathogenesis of AD remains to be elucidated. The present study aimed to examine the effects of IL-17 on skin barrier proteins in the HaCaT cell line. The expression levels of filaggrin (FLG) and involucrin (IVL) were evaluated by reverse transcription-quantitative polymerase chain reaction and western blot analyses of the HaCaT cells following IL-17 simulation. The role of IL-17 was further examined by using small molecule inhibitors of extracellular signal-regulated kinase (ERK) and P38. Treatment of the HaCaT cells with IL-17 resulted in reduced expression levels of FLG and IVL at the mRNA and protein levels. In addition, the gene expression levels of FLG and IVL were significantly reduced in the HaCaT cells by IL-4. Treatment with the mitogen-activated protein kinase (MAPK) inhibitors, SB203580 and PD98059, significantly inhibited the effects of IL-17 on the gene and protein expression levels of FLG and IVL. Finally, the protein levels of phosphorylated ERK and P38 were significantly increased following IL-17 stimulation. Taken together, the results revealed that IL-17 reduced the expression of FLG and IVL in HaCaT cells, and this effect involved the P38/ERK MAPK signaling pathways.
Introduction
Atopic dermatitis (AD) is a chronic, relapsing inflammatory skin disease, which affects ~10-20% and 1-3% of children and adults, respectively, in Western populations (1) . Impaired epidermal barrier and immune function defects are common in patients with AD (2, 3) .
AD is also characterized by a T helper type 2 (Th2) dominance, mediated by pro-Th2 cytokines, thymic stromal lymphopoietin and interleukin (IL)-33, which polarize dendritic cells and promote Th2 responses (4) . CD4 + T cells are the primary mediators of cellular immunity and are found in the cell infiltrate of the skin of patients with AD (5) . Th17 cells, a distinct lineage of CD4 + helper T cells, are important in the host defense against extracellular fungal and bacterial pathogens, and the pathogenesis of inflammatory and autoimmune disorders (6) . IL-17, also known as IL-17A, is the primary effector cytokine of Th17 cells and regulates the functions of multiple cell types (7) , including the stimulation of keratinocytes to produce cytokines, chemokines and vascular endothelial growth factor (6) .
Another important component in AD is skin integrity (8, 9) . Of note, skin barrier dysfunction in patients with AD is associated with abnormal protein expression of filaggrin (FLG), loricrin (LOR) and involucrin (IVL), which result in skin impermeability by cross-linking (10, 11) . FLG is a major structural protein in the stratum corneum of the epidermis, with reduced levels altering the shape of skin corneocytes (12) . LOR comprises 80% of the total protein mass in the cornified layer (13) , whereas IVL functions as a scaffold to other cross-linked proteins (14) . Patients with AD with an acquired defect in the expression of FLG exhibit an atopic inflammatory response (15) . Therefore, it is hypothesized that FLG and IVL can be regulated by AD-associated cytokines, including IL-17, as the expression of IL-17 is enhanced in acute lesions in AD skin, compared with that in normal skin, with increased numbers of Th17 cells in the peripheral blood in acute AD (16) . IL-17 activates mitogen-activated protein kinases (MAPKs), and the P38/extracellular signal-regulated kinase (ERK) MAPK signaling pathways are involved in the pathogenesis of inflammatory skin diseases, including psoriasis (17) . The present study aimed to examine the effects of IL-17 on the expression of FLG and IVL in human HaCaT keratinocytes, and investigate the regulatory mechanism.
Materials and methods
Cell culture. The HaCaT cells (JennioBioech Co., Ltd., Guangzhou, China), a human keratinocyte cell line, were cultured in DMEM (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented with 10% fetal bovine serum (Gibco; Thermo Fisher Scientific, Inc.) and 100 U/ml of penicillin/streptomycin (Gibco; Thermo Fisher Scientific, Inc.), at 37˚C in a humid environment containing 5% CO 2 . To examine the effects of cytokines on the expression of FLG and IVL, the keratinocytes were differentiated for 5 days by treatment with CaCl 2 at 1.3 mmol/l. Cells seeded at 1x10 5 cells/ml were allowed to grow to 70-80% confluence and were stimulated with medium containing IL-4 (100 ng/ml) or different concentrations of IL-17 (50, 100 and 200 ng/ml) for 24 h at 37˚C. IL-4 and IL-17 were purchased from PeproTech, Inc. (Rocky Hill, USA). Following treatment, the cells were harvested for protein extraction. Cells in passages 2-5 were used for all experiments.
Treatment with MAPK inhibitors. The MAPK inhibitors directed against P38 (SB203580; 5 µM), ERK (PD98059; 20 µM), or c-Jun N-terminal kinase (SP600125, 1 µM), respectively, were added to the media for treatment of the HaCaT cells 1 h prior to the addition of IL-17 (100 ng/ml) at 37˚C. The cells were cultured for 24 h prior to harvest for mRNA and protein extraction.
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) analysis for quantitation of mRNA expression.
Total RNA was extracted from the HaCaT cells using the RNeasy Mini kit (Qiagen, Inc., Valencia, CA, USA), according to the manufacturer's protocol. cDNA was reverse transcribed from total RNA using TaqMan RT reagents (Applied Biosystems; Thermo Fisher Scientific, Inc.). The mRNA levels were assessed using the SYBR ® Green ER™ qPCR Reagent system (Invitrogen; Thermo Fisher Scientific, Inc.) on an ABI PRISM 7000 sequence detection system (Applied Biosystems; Thermo Fisher Scientific, Inc.). The primers used for RT-qPCR were as follows: FLG forward, 5'-TGA AGC CTA TGA CAC CAC TGA-3' and reverse, 5'-TCC CCT ACG CTT TCT TGT CCT-3'; IVL forward, 5'-ACA AGG GAA GAG AGA GCC ACTG-3' and reverse, 5'-TGT AGA GGG ACA GAG TCA AGT TCA-3'. The GAPDH gene was used as endogenous control with the following sequences: Forward, 5'-ATC AAG AAG GTG GTG AAG CAG GC-3' and reverse, 5'-TCA AAG GTG GAG GAG TGG GTG TC-3'. The cycling conditions were as follows: 95˚C for 2 min; followed by 45 cycles of denaturation at 95˚C for 5 sec, annealing at 60˚C for 10 sec and extension at 72˚C for 15 sec. Each PCR assay was run in triplicate. The relative gene expres sion levels were analyzed using the 2 -ΔΔCq method (18) .
Western blot analysis. The cells were washed three times with cold 1X phosphate-buffered saline and harvested with radioimmunoprecipitation buffer comprising 50 mM Tris-HCl (pH 8.0), 150 mM NaCl, 1% (v/v) Nonidet P-40, 0.5% (w/v) deoxycholate and 0.1% (w/v) SDS, a protease inhibitor cocktail (1:100; Roche Applied Science, Penzberg, Germany) and a phosphatase inhibitor (sodium orthovanadate, 0.5 mg/ml; Sigma-Aldrich; Merck KGaA, Darmstadt, Germany). Protein concentrations were measured using a bicinchoninic Protein Assay kit (Pierce; Thermo Fisher Scientific, Inc.). The proteins (20-40 mg) were first resolved by 12.5% SDS-PAGE, and transferred onto an Immobilon-P1 transfer membrane (Merck KGaA). The membrane was then blocked in 5% milk in Tris-buffered saline-Tween TBST for 30 min at room temperature. Following blocking, the membrane was incubated overnight at 4˚C with anti-FLG, anti-IVL, anti-ERK, anti-phosphorylated (p)-ERK (1:500; cat. nos. SC30229, SC28557, SC135900 and SCSC7383, respectively) from Santa Cruz Biotechnology, Inc. (Dallas, TX, USA), anti-p38, anti p-p38 (diluted 1:500; cat. nos. AB7952 and AB4822, respectively) from Abcam (Cambridge, MA, USA), or anti-GAPDH (1:1,000; cat. no. 10494-1-AP; ProteinTech Group, Inc., Chicago, IL, USA) antibodies. The membranes were washed 3 times (5 min each) with PBS containing 0.1% Tween-20 and incubated with horseradish peroxidase-conjugated secondary antibody (cat. no. p0448; Dako; Agilent Technologies, Inc., Santa Clara, CA, USA) at dilution of 1:5,000 in TBST for 1 h at room temperature. The blots were quantified by densitometry using Quantity One software (version 4.6.2; Bio-Rad Laboratories, Inc., Hercules, CA, USA).
Statistical analysis. Statistical analyses are presented as the mean ± standard deviation of the mean. Data were analyzed using GraphPad Prism software (version 4.03; GraphPad Software, Inc., La Jolla, CA, USA). Differences among multiple groups were determined using one-way analysis of variance; differences between two groups were assessed using the Tukey-Kramer test. P<0.05 was considered to indicate a statistically significant difference. Fig. 1A , the mRNA levels of FLG were significantly reduced following treatment with IL-17, compared with that in the control group. Similarly, the gene expression of IVL was significantly reduced by IL-17 at concentrations ≥100 ng/ml, compared with that in the control group (Fig. 1B) . In agreement, the protein levels of FLG and IVL were significantly reduced following treatment with IL-17, as determined using western blot analysis (Fig. 1C and D) .
Results

Effect of IL-17 on expression levels of FLG and IVL in HaCaT cells. As demonstrated in
IL-17 is similar to Th2 cytokines in regulating skin-barrier proteins.
Th2 cytokines can downregulate the expression of FLG, LOR and IVL (15) . Therefore, the present study comparatively assessed the effects of IL-4, a Th2 cytokine, and IL-17 on the expression levels of FLG and IVL in the HaCaT cells. In this experiment, cells were treated with 100 ng/ml IL-4 or IL-17 for 24 h, and the gene expression levels of FLG and IVL were evaluated. As exhibited in Fig. 2 , the mRNA levels of FLG and IVL were significantly decreased in the HaCaT cells treated with IL-4 or IL-17, compared with the levels in the untreated HaCaT cells (P<0.05). However, no significant differences were found between IL-4 and IL-17 in terms of their ability to reduce the expression of FLG and IVL ( Fig. 2A and B) .
P38/ERK MAPK signaling is upregulated by IL-17.
Subsequently, the present study examined the effects of IL-17 (100 ng/ml) on the activation of P38/ERK MAPK effectors p38 and ERK. The phosphorylation of p38 and ERK was increased by IL-17, with statistical significance at the 5-min time point (Fig. 3A and B) . This effect was not observed at later time points (15 and 30 min).
Effect of MAPK inhibitors on the expression of FLG and IVL.
To further examine the mechanisms underlying the regulation of FLG and IVL by IL-17, the HaCaT cells were treated with SP600125, SB203580 or PD98059 in the presence or absence of IL-17. As demonstrated in Fig. 3C and D, SB203580 and PD98059 had significant inhibitory effects on the IL-17-mediated reduction in the expression of FLG and IVL. This was observed at the gene and protein levels (Fig. 3C  and D) .
Discussion
The present study demonstrated that IL-17 reduced the levels of two skin barrier proteins, FLG and IVL, and that this effect was partially inhibited by the addition of ERK and P38 inhibitors. Therefore, the downregulation of skin barrier proteins by IL-17 may contribute to the pathogenesis of AD.
AD is a genetic disease caused by defects in skin barrier proteins. The disruption of the skin barrier results in contact between epidermal immune cells and antigens from the external environment, leading to intense itching, scratching and inflammation (19) . FLG and IVL are proteins belonging to the epidermal differentiation complex, encoded by a cluster of genes on chromosome 1q21, which includes a number of genes important for barrier function (20) . The protein levels of FLG and IVL in the skin of patients with AD are reduced (21) , suggesting that patients with AD have defects in these two proteins, which are important in skin barrier function.
The IL-17 cytokine family, including IL-17A-F (22) , is involved in acute and chronic inflammatory responses (23) . IL-17 is the most potent Th17 cytokine, which stimulates the production of chemokines, cytokines and other mediators by upregulating various genes associated with inflammation in target cells, including keratinocytes (24) . The number of Th17 cells has been reported to be increased in the peripheral blood and skin tissue samples from patients with AD and psoriasis (16) . It is known that keratinocytes are pivotal in skin barrier formation and maintenance (25) . IL-17 affects the expression of genes associated with cellular adhesion between keratinocytes, resulting in skin barrier disruption (26) , and skin barrier disruption increases the penetration of allergens and the atopic inflammatory response (27, 28) . In turn, the enhanced atopic immune responses can worsen skin barrier defects in AD. IL-17 has been shown to downregulate FLG and other genes involved in cellular adhesion, with positive effects on the expression of IVL in primary keratinocytes (26, 29) . In the present study, following treatment of primary keratinocytes with IL-17, reduced mRNA and protein levels of FLG and IVL were observed. The skin in patients with AD at the acute phase is characterized by the overexpression of Th2 cytokines IL-4 and IL-13, which can further downregulate the expression of IVL and LOR through signal transducer and activator of transcription-6 (21). Taken together, the results of the present study and others (26) suggest that IL-17 is important in the skin barrier dysfunction present in patients with AD.
IL-17 is known to activate MAPKs, and P38/ERK MAPK signaling is involved in the pathogenesis of inflammatory skin diseases (17). As described above, increased phosphorylation levels of the ERK and P38 proteins were observed following IL-17 treatment, and this effect was alleviated by MAPK inhibitors. These findings suggested that IL-17 regulated FLG and IVL through the P38 and ERK pathways. Therefore, inhibiting the activity of IL-17 may be a treatment option for patients with chronic inflammatory diseases (30) , including AD, restoring barrier function (31) . Other cytokines, including the IL-27, IL-21 and IL-10 cytokines, are important factors in the counter regulatory mechanism, which eliminates the immune response and protects from excessive immune responses (32) . In addition, previous data revealed the importance of the histamine 4-receptor for the treatment of itching symptoms, suggesting that a multifaceted approach may assist in AD therapy (33) .
In conclusion, the present study demonstrated that IL-17 is important in the pathogenesis of AD. Inhibiting the downstream effectors of IL-17 offers a potential therapeutic strategy for AD.
